Tribology Letters (2018) 66:71
https://doi.org/10.1007/511249-018-1018-x

ORIGINAL PAPER

@ CrossMark

Tribological Behavior of Carbon Nanotube-Reinforced AZ91D
Composites Processed by Cyclic Extrusion and Compression

Li Zhang' - Qudong Wang' - Guoping Liu' - Wei Guo' - Bing Ye' - Wenzhen Li2 - Haiyan Jiang' - Wenjiang Ding’

Received: 10 December 2017 / Accepted: 23 April 2018 / Published online: 4 May 2018

© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Reciprocating wear tests were conducted to assess the wear resistance of CNT-reinforced AZ91D composites prepared by
cyclic extrusion and compression (CEC). Effects of CEC, CNTs, and wear parameters on the tribological behavior of the
composites were discussed. Results show that the matrix grain of the 0.5 wt% CNTs/AZ91D composites is largely refined
from ~ 112 um to 126.6 nm after eight passes of CEC. Accordingly, the hardness of the composites is increased by more than
82.0%. The wear rate of the CNTs/AZ91D composites decreases with the implement of CEC and the addition of CNTs. The
lubrication effect of CNTs diminishes after CEC. Besides the reinforcing effect, the incorporated CNTs help to liberate the
friction heat of the CNTs/AZ91D composites and reduce the welding of the wear debris due to their extraordinary thermal

conductivity.
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1 Introduction

Years of efforts have enabled Mg alloys to be competitive
candidates in areas where weight reduction is critical, such
as aerospace and automotive industries. However, the low
thermal stability and poor wear resistance limit their wider
applications in situations where the sliding motion occurs
[1-4]. To combat these issues, various methods, including
alloying with rare-earth elements (RE) [5—8] and incorporat-
ing of different kinds of reinforcements [9-12], have been
made. By adding 3 wt% of RE into AZ91, the wear rate of
AZ91+3RE alloy was reported to be 50% lower than that of
the base alloy at room temperature [6]. A similar result was
obtained by Lim et al. [9] that compared with pure-Mg, the
wear resistance of the 1.11 vol% nano-Al,Os-reinforced Mg
composites was increased up to 1.8 times. The basic prin-
ciple of these methods is to increase the wear resistance of
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Mg alloys by increasing their load-bearing capacities. One
of the undesirable facts is that during the sliding process,
the detached or crushed hard RE-containing intermetallics
or ceramic particles may cause surface damage by acting
as abrasive particles, which accelerates the failure of the
matrix [13]. However, this is not the case for carbon nano-
tubes (CNTSs), since either partially or fully crushed CNTs
may form a carbon film which covers the worn surface and
acts as solid lubricants [14—-16]. Meanwhile, CNTs possess
an extraordinary thermal conductivity, implying that the
friction heat generated could be effectively dissipated and
the thermal softening of the Mg matrix would be reduced
[17-19]. Therefore, CNTs are a preferential choice in the
designing of Mg composites with high wear resistance.
Severe plastic deformation (SPD) has long been taken as
an effective technique in the dispersing of nano-reinforce-
ments due to its large accumulated strain and abundant mate-
rials flow [20, 21]. To date, successful attempts to fabricate
nano-reinforced composites by SPD include high-pressure
torsion (HPT) [22, 23], accumulated roll bonding (ARB)
[24, 25], and friction stir processing (FSP) [26, 27]. Besides
the greatly refined microstructure and enhanced mechanical
properties, wear properties of the SPD-processed composites
were reported to be superior to their unprocessed counter-
parts. Darmiani et al. [24] reported that after six passes of
ARB, the incorporated nano-SiC particles were uniformly
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distributed within the Al matrix and the wear resistance of
the nano-SiC/Al composites increased with the progress
ARB. FSP was used by Lu et al. [26] to process nano-Al,O;
and CNT-reinforced AZ31 composites. Results show that
the microhardness of the FSP stirred area was higher than
that of the surrounded areas, and the wear resistance of the
hybrid composites was increased greatly after the imple-
ment of FSP.

Although SPD is a feasible technique both in preparing
the CNT-reinforced composites and in enhancing the wear
resistance of the composites, limited works [1, 26, 27] have
been done on Mg and no work has been done with the imple-
ment of cyclic extrusion and compression (CEC), which is
suggested as a superior technique in the processing of the
hard-to-deform materials [28, 29]. Thus, CEC was used to
prepare the CNT-reinforced AZ91D composites in this work.
Effects of CEC, CNTs and wear parameters on the tribologi-
cal behavior of the composites were then discussed.

2 Materials and Methods

The matrix alloy used was Mg—8.66A1-0.56Zn—0.16Mn
(designated as AZ91D) and the reinforcement incorporated
was multi-walled CNTs with a diameter of 20-40 nm and
length of 1-5 pm. Magnesium matrix composites contain-
ing 0.5 and 2.0 wt% of CNTs were fabricated by ultrasonic
cavitation-assisted casting, followed by a solution treatment
at 413 °C for 24 h. Prior to the implement of CEC, the bil-
lets were machined into cylindrical rods with dimensions of
®30 mm X 42 mm by an electric discharge machine (EDM).

(a) Stationary Ball

The schematic illustration and detailed procedures of CEC
can be found in our recent published works [28, 29]. CEC
was conducted at 300 °C for eight passes in this study. The
monolithic AZ91D alloy was also prepared in the same way
for comparison.

Microstructure of the CNTs/AZ91D composites was
examined by optical microscopy (OM, Olympus XJL-30)
and scanning electron microscopy (FE-SEM, Sirion 200)
equipped with an energy dispersive spectrometer (EDS,
INCA X-MAXS0). A standard metallographic technique,
including mechanical grinding with 320, 1200, 3000, and
5000 grit SiC paper and final polishing with a magnesia
suspension, was used in the sample preparation. The etchant
used was a mixture of 1 ml nitric acid, 1 ml acetic acid, 1 g
oxalic acid, and 150 ml water.

Hardness tests were conducted using a Vickers indenter
under a load of 49 N and a dwell time of 15 s. Eight different
indentations along the longitudinal section were then taken
and averaged for each sample.

Dry sliding wear tests were carried out on a recipro-
cating friction and wear test machine, the installation of
which was given in Fig. 1. Wear samples were machined
along the longitudinal direction with dimensions of
35 mm X 6 mm X4 mm and the counter stationary ball used
was GGr15 steel with a diameter of 10 mm. Each sample
was ultrasonically cleaned with alcohol for 20 min both
before and after the test. An electronic balance with an accu-
racy of 0.1 mg was used to measure the wear loss. Wear tests
were conducted at room temperature with a sliding speed of
0.15 m/s under a normal load of 8 N for a sliding distance of
2000 m. Effects of the load were revealed under loads of 4

(b)

Applied Load
|
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(GGr15:d=10mm),
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Sample Holder (Reciprocating Stroke)
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—

Fig. 1 a Experiment setup of the reciprocating wear test and b installation of the wear specimens
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and 12 N at a sliding speed of 0.15 m/s, and the effects of the
sliding speeds were elucidated by additional tests at 0.10 and
0.20 m/s under a load of 8 N. Coefficient of friction (COF)
was automatically recorded with the sliding distance. Worn
surfaces and the cross-sectional structures were examined
by SEM and EDS.

Thermal conductivity (1) was calculated through the fol-
lowing equation [30]:

/1=a><p><Cp, 1)

where a is the thermal diffusivity (mm?s), p is the den-
sity (g/cm®), and C, is the specific heat capacity (W/(m
K)). The thermal diffusivity (a) was measured using a laser
flash apparatus (LFA 447, NETZSCH) and the specific heat
capacity (C,,) was obtained using a differential scanning cal-
orimetry (DSC 8000). Densities of the composites (p) were
calculated according to the mixture rule [14] by considering
the density of AZ91D alloy being 1.82 g/mm? and that of
CNTs 1.73 g/mm?.

3 Results and Discussion
3.1 Microstructures

Microstructure of the initial solution-treated 0.5CNTs/
AZ91D composites is given in Fig. 2a. It is apparent that the
matrix grain of the fabricated composites is homogeneous
with a size of ~ 112 um and the majority of second phases
dissolve after the solution treatment, leaving a small amount
of Mg,;Al;, and Mn-rich (mainly AlgMn;) particles [29].
The incorporated CNTs are highly agglomerated as shown
in Fig. 2b, which is mainly attributed to their large surface-
to-volume ratio and poor wettability with the Mg matrix.
After eight passes of CEC, the matrix grain of the 0.5CNTs/
AZ91D composites is greatly refined down to ~126.6 nm
(Fig. 2c) and Mg;,Al,, second phases are uniformly precipi-
tated along grain boundaries. The initial CNT-clusters are
effectively dispersed into an extended area after the imple-
ment of CEC, but the length-to-diameter ratio is greatly
shortened as shown in Fig. 2d. Degrading of CNTs after
the implement of SPD is also reported by other researchers
[17-19, 29].

Effects of CNTs on the microstructural characteristics
of both the solution-treated and CEC-processed alloy/

N
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5.00kV 4.0 10000x_TLD 46 Sirion 200 IAC of SJTU

AccV SpotMagn Det WD p———— 5um
500KV 40 10000x TLD4.7 Sirion 200 IAC of SITU™ s
N

Fig.2 Microstructures of the a, b solution-treated and ¢, d eight-pass CEC-processed 0.5CNTs/AZ91D composites, with b, d giving the distri-

bution of CNTs within the Mg matrix
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composites are compared in Table 1. It is apparent that the
incorporated CNTs lead to a reduced matrix grain not only
for the initial samples but also for those after the implement
of CEC. As for Mg ,Al,, precipitates, the similar particle
size and area fraction suggest that CNTs exert a negligible
effect on the precipitation of Mg,;Al,,.

3.2 Hardness

Hardness of the solution-treated and the CEC-processed
alloy/composites are tabulated in Table 1. Compared with
the solution-treated base alloy, even 2.0 wt% of CNTs
lead to a trivial increase of ~6.5% in the hardness of the
solution-treated CNTs/AZ91D composites. This inefficient
reinforcing effect is believed to be related with the highly
agglomerated CNTs. Eight-pass of CEC induces huge incre-
ments of ~53.1, ~82.0, and ~64.2% in the hardness of the
AZ91D base alloy, 0.5CNTs/AZ91D and 2.0CNTs/AZ91D
composites, respectively. These remarkable increments
should be attributed to the greatly refined matrix grain and
the extensively precipitated Mg,,Al,, after the implement
of CEC. Besides, composites reinforced by CNTs exhibit a
superior hardness than that of the monolithic alloy. Though
the 2.0CNTs/AZ91D composites posses a finer matrix grain
and a larger amount of CNTs, the corresponding hardness
is lower than that of the 0.5CNTs/AZ91D composites. As
reported in Ref. [29], the severely degraded CNTs may act
as or introduce various kinds of crystal defects within the
matrix, which undermines the strength of the composites.

3.3 Wear
3.3.1 Coefficient of Friction (COF)

The variations of COF with the increasing of sliding dis-
tance for the solution-treated and CEC-processed alloy/com-
posites under wear conditions of 0.15 m/s and 8 N are shown
in Fig. 3a, b, respectively. It is apparent that after a short
running-in stage, COF increases steady with the sliding dis-
tance. This is reasonable since the contact surface of the
friction pairs is gradually damaged with the progress of wear
and thus the interaction would be intensified accordingly

[31]. For the solution-treated samples, COF curves almost
coincide with the initial sliding distance of ~300 m. From
this point on, the COF curves separate from each other,
with the monolithic alloy giving the highest COF (0.263)
and the 2.0CNTs/AZ91D composites exhibiting the lowest
COF (0.203), indicating that CNTs could be effectively acted
as the solid lubricant and thus contribute to the reduction
of COF. Besides, the COF curve of the 2.0CNTs/AZ91D
composites fluctuates greatly compared with the other two,
which is consistent with the observed inhomogeneous dis-
tribution of CNTs within the Mg matrix. In contrast, COF
curves of the CEC-processed AZ91D alloy, 0.5CNTs/
AZ91D, and 2.0CNTs/AZ91D composites are found to be
similar throughout the wear test, with the mean COF values
being 0.193, 0.191, and 0.192, respectively. It seems that
the lubrication effect provided by CNTs diminishes after the
implement of CEC. The degraded CNTs after CEC should
be responsible for this observation.

Regardless of the amount of the incorporated CNTs, the
CEC-processed samples exhibit a lower COF than their
solution-treated counterparts. For example, COF of the
unprocessed 0.5CNTs/AZ91D composites covers a rela-
tive wide range of 0.190-0.263 with a mean value of 0.235,
while that of the CEC-processed composites falls into the
range of 0.186-0.226 with a mean value of 0.191. This sug-
gests that the implement of CEC could effectively reduce
COF of the friction pairs, which is mainly attributed to the
huge increased hardness resulting from the ultrafine-grained
matrix and the extensively precipitated Mg;,Al,,.

For the CEC-processed 0.5CNTs/AZ91D composites,
variations of COF depending on the applied load and the
sliding speed are shown in Fig. 3c, d, respectively. At a slid-
ing speed of 0.15 m/s, the COF curve obtained under the
applied load of 4 N is obviously higher than those acquired
under loads of 8 and 12 N. The mean COF of the post-pro-
cessed 0.5CNTs/AZ91D composites decreases from 0.207 to
0.181 with the increasing of the applied loads up to 12 N. At
an applied load of 8 N, the COF decreases continuously from
0.208 to 0.165 with the increasing of the sliding speed from
0.10 to 0.20 m/s. These reductions in COF with the increas-
ing of the applied load and the sliding speed were commonly
reported in other research works [14, 31], and the softening

Table 1 Microstructural

. Status Matrix grain size Mg,;Al,, second phase Hardness/Hv
characteristics and hardness
of the alloy/composites both Size/um Area fraction/%
before and after the implement
of CEC AZ91D ST 300 um - - 57.12
CEC-8P 140.9 nm 0.23 14.5 87.47
0.5CNTs/AZ91D ST 112 ym - - 56.79
CEC-8P 126.6 nm 0.24 14.3 103.36
2.0CNTs/AZ91D ST 75 ym - - 60.86
CEC-8P 106.5 nm 0.22 14.7 99.92
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Fig.3 Variations of coefficient of friction (COF) with the increasing
of sliding distance for a the solution-treated alloy/composites under
wear conditions of 0.15 m/s and 8 N, b the CEC-processed alloy/
composites under wear conditions of 0.15 m/s and 8 N, ¢ CEC-pro-

induced by the friction hear under higher applied loads or

at higher sliding speeds was concluded to be responsible for
these variations.

3.3.2 Wear Loss

Effects of CNT additions on wear losses of the solution-
treated and the CEC-processed alloy/composites under vari-
ous wear conditions are shown in Fig. 4. A general view is
that the wear loss decreases continuously with the increasing
of CNT contents. Taking those tested with a sliding speed
of 0.15 m/s and an applied load of 8 N (Fig. 4a) as exam-
ples, incorporations of 0.5 and 2.0 wt% of CNTs reduce
the wear loss of the initial solution-treated base alloy by
5.09 and 13.20%, respectively. For those after the implement
of CEC, a similar trend is observed and 2.0 wt% of CNTs
induces an increment of ~ 16.99% in the wear resistance of
the post-processed base alloy. Thus, the incorporated CNTs
could enhance the wear resistance of the base alloy. Note
that CNTs lead to a reduced COF for the solution-treated
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cessed 0.5CNTs/AZ91D composites at the sliding speed of 0.15 m/s
and d CEC-processed 0.5CNTs/AZ91D composites under the applied
load of 8 N

composites, while a similar COF for the CEC-processed
ones. Thus, the dominant role played by CNTs may be dif-
ferent, which will be discussed in Sect. 3.3.3.

As for the effect of CEC, as shown in Fig. 4a, compared
with the solution-treated samples, their CEC-processed
counterparts exhibit lower wear losses. Specifically, after
the implement of CEC, wear losses of the AZ91D alloy,
0.5CNTs/AZ91D, and 2.0CNTs/AZ91D composites are
decreased by 3.24, 8.29, and 7.47%, respectively. These
decrements in mass loss can be explained by considering
the greatly increased hardness and the decreased COF as
stated above.

Mass losses of the CEC-processed alloy/composites at a
sliding speed of 0.15 m/s under various loads are shown in
Fig. 4b. As expected, increasing in the applied load intensi-
fies the interaction between the friction pairs and thus leads
to an increase in the wear loss. Effects of the sliding speed
on the mass loss of the post-processed samples under a nor-
mal load of 8 N are given in Fig. 4c. It is apparent that the
wear loss decreases with the increasing of the sliding speed
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Fig.4 Wear mass loss for a the solution-treated and CEC-processed alloy/composites under wear conditions of 0.15 m/s and 8 N, b CEC-pro-
cessed alloy/composites at the sliding speed of 0.15 m/s and ¢ CEC-processed alloy/composites with the applied load of 8 N

from 0.10 to 0.15 m/s, while an opposite trend is observed
with the sliding speed further increasing to 0.20 m/s, imply-
ing that the wear mechanism operated may alter with the
increasing of the sliding speed [32].

3.3.3 Worn Surface

Worn surfaces of the solution-treated and the CEC-pro-
cessed 0.5CNTs/AZ91D composites under wear conditions
of 0.15 m/s and 8 N are shown in Fig. 5a, b, respectively.
Large craters and cracks are observed in the worn sur-
face of the solution-treated 0.5CNTs/AZ91D composites,
indicating adhesion and delamination are the major wear
mechanisms [25, 33, 34]. However, grooves and scratches,
typical characters of the abrasive wear [34], are observed
in the composites after eight passes of CEC. EDS results
of typical points on the worn surfaces of the 0.5CNTs/
AZ91D composites are given in Fig. 5c, d. Though
being situated in a newly formed crater, P1 still exhibits
5.09 wt% of oxygen, suggesting that the affinity of mag-
nesium to oxygen is extremely high and oxidation occurs

@ Springer

during the wear test [35, 36]. This is also the case for the
post-processed sample, since 14.65 wt% (P2) of oxygen is
detected in its worn surface. Besides, wear debris of the
solution-treated sample is generally separated in the form
of large flakes or plates, while that of the CEC-processed
sample is gradually abraded in the form of fine particles.
The corresponding EDS analysis (Fig. Se, f) reveals that
the main constituents of the wear debris are Mg and MgO.
And it is believed that the detached MgO may penetrate
into the worn surface and act as abrasive particles that
would induce extra scratches [13].

Worn surfaces and the corresponding subsurface layers
of the post-processed alloy/composites tested with a sliding
speed of 0.15 m/s under an applied load of 8 N are shown
in Figs. 6, 7, respectively. Surface pits can be readily found
on the worn surface of the AZ91D alloy and wear debris
tend to be accumulated within those surface pits. With the
increasing of CNT contents, worn surfaces of the compos-
ites seem to be featureless with shallow grooves and fine
scratches. The most distinct feature between the AZ91D
alloy and the CNTs/AZ91D composites exists in their
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Fig.5 Worn surfaces of the a solution-treated and b CEC-processed 0.5CNTs/AZ91D composites under wear conditions of 0.15 m/s and 8 N,
with ¢, d, e, f giving the EDS results of P1, P2, P3, and P4, respectively
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Fig.6 Worn surfaces of the eight-pass CEC-processed a monolithic AZ91D alloy and b 2.0CNTs/AZ91D composites under wear conditions of
0.15 m/s and 8 N

subsurface structures. Unlike the continuous tribo-oxide  is discontinuous and made up by some detached particles.
layer (as indicated in Fig. 5¢) on the topmost surface of the =~ Subsequent EDS analysis (Fig. 7b, c) reveals that the chemi-
composites, the subsurface structure of the monolithic alloy ~ cal constituent of this layer is similar to that of the wear
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Fig.7 a Subsurface layers of the eight-pass CEC-processed monolithic alloy and composites tested with a sliding speed of 0.15 m/s under an
applied load of 8 N, with b, ¢ giving the EDS results of P5 and P6, respectively
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Fig.8 Thermal conductivities of the solution-treated and eight-pass
CEC-processed alloy and composites

debris. Therefore, this discontinuous tribo-layer is deduced
to be tightly compacted or welded wear debris.

Generally, the localized welding of wear debris is caused
by their plastic deformation [26]. As discussed in Sect. 3.2,
the monolithic AZ91D alloy shows a relatively lower hard-
ness compared with that of the CNT-reinforced compos-
ites, which makes it favorable for the occurrence of plastic
deformation. Besides, the mechanical properties of AZ91
alloy are rapidly degraded with the increasing of tempera-
ture, since Mg,,Al,, softens and coarsens easily at elevated
temperature [7, 37]. Friction heat generates inevitably during
the reciprocating wear test, thus the temperature rise needs
to be considered. Figure 8 gives thermal conductivities of

@ Springer

the monolithic AZ91D alloy and CNTs/AZ91D composites
both before and after the implement of CEC. Though CNTs
are ruptured after CEC, the thermal conductivities of the
composites are still higher than that of the monolithic alloy,
indicating that the friction heat generated could be effec-
tively liberated in the composites with the help of CNTs.
Therefore, during the reciprocating wear test, the contact
temperature of the AZ91D alloy is higher than that of the
composites, which leads to the softening of the monolithic
alloy and facilitates the welding of wear debris [14].

Worn surface of the CEC-processed 0.5CNTs/AZ91D
composites tested under various loads are given in Fig. 5b
(8 N) and Fig. 9 (4 and 12 N). Under lower normal loads
(<8 N), the worn surfaces are featured by grooves and
scratches, suggesting the abrasive wear as the dominant wear
mechanism. However, plenty of cracks, which are nearly
perpendicular to the sliding direction, appear on the worn
surface when the normal load increases to 12 N. Generally,
the appearance of cracks is associated with the occurrence
of delamination. Meanwhile, as shown in Fig. 10, the typical
characters of delamination [38], including the generation of
a tribo-layer, nucleation and propagation of fatigue cracks
in the subsurface, and final detachment of large plates, are
observed in the subsurface layer obtained under the applied
load of 12 N, which further verifies that delamination is the
major wear mechanism at this applied load level. There-
fore, the dominant wear mechanism alters from abrasion to
delamination with the applied load increased from 8 to 12 N.

Effects of the sliding speeds on the worn surfaces and
the corresponding subsurface layers of the post-processed
0.5CNTs/AZ91D composites are shown in Figs. 11, 12,
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Fig.9 Worn surfaces of the eight-pass CEC-processed 0.5CNTs/AZ91D composites tested with the sliding speed of 0.15 m/s under normal

loadsofa4 Nandb 12N

Fig. 10 Subsurface layers of the eight-pass CEC-processed 0.5CNTs/
AZ91D composites tested with the sliding speed of 0.15 m/s under
various loads

respectively. With the increasing of sliding speeds, the
width between grooves decreases, while the thickness of
the tribo-layer increases. When the sliding speed reaches
0.20 m/s, cracks and delaminated plates are observed. Thus,
it can be deduced that the dominant wear mechanism alters
from abrasion to delamination with the increasing of sliding
speeds, which is consistent with our previous judgment that
is based on the variation of wear loss with the sliding speed.
This alternation in wear mechanism is believed to be related
with the temperature rise within the contact area, since for a
given sliding distance (2000 m in our case), increasing in the
sliding speed results in less time for the friction heat to be
dissipated, which raises the local temperature and degrades
the mechanical properties of the composites [14, 37].

4 Conclusions

Reciprocating wear tests were carried out to study the wear
resistance of CNT-reinforced AZ91D composites pre-
pared by CEC. Effects of CEC, CNT additions, and wear

SpotMagn Det WD }.—_q 50um

muu 40 1000x SE 5.4 Sirion 200/1AC of SJTU

Fig. 11 Worn surfaces of the eight-pass CEC-processed 0.5CNTs/AZ91D composites tested at sliding speeds of a 0.10 and b 0.20 m/s under the

applied load of 8 N
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0.10m/s

Fig. 12 Subsurface layers of the eight-pass CEC-processed 0.5CNTs/
AZ91D composites tested at various sliding speeds under the applied
load of 8 N

parameters on the wear behavior of the post-processed
composites were then discussed. The following conclu-
sions are drawn:

1. Eight passes of CEC refines the matrix grain of
0.5CNTs/AZ91D composites from 112 pm to 126.6 nm.
Mg,-Al,, second phases are dynamically precipitated
along grain boundaries and the incorporated CNTs are
dispersed into an extended area after the implement of
CEC. All contribute to the huge increased hardness.

2. Compared with the original solution-treated sam-
ples, their CEC-processed counterparts exhibit lower
wear losses. Wear loss decreases continuously with
the increasing of CNT contents and 2.0 wt% of CNTs
induces an increment of ~16.99% in the wear resistance
of the post-processed alloy. Adhesion and delamination
are the major wear mechanisms for the initial solution-
treated samples, while abrasive wear is the dominant
wear mechanisms for the CNTs/AZ91D composites.
Oxidation occurs commonly during the wear test.

3. The lubrication effect of CNTs diminishes with the pro-
gress of CEC. But the extraordinary thermal conductiv-
ity of CNTs helps to liberate the generated friction heat,
retain a reasonable strength for the CNTs/AZ91D com-
posites, and reduce the welding tendency of the wear
debris.

4. Increasing either in the applied load or in the sliding
speed leads to an alternation of the dominant wear
mechanism from abrasion to delamination. The critical

@ Springer

load and the critical sliding speed are 8 N and 0.15 m/s
in this research work.
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